A technique for obtaining emission cross sections in laboratory beam studies is presented, including effects on the cross section due to polarization of the emitted light. Systematic analytical errors arising from optical problems are analyzed and evaluated for a typical spectral feature. The primary sources of error are shown to arise from the particular geometry used in the optical measurements, the variation of the calibrating light source over the bandwidth of the emission feature, and the variation of the responsivity of the optical system over the bandwidth.
Introduction
In laboratory beam experiments for studying collision-induced radiation, an absolute emission cross section -jk (V) is commonly defined as the mean number of quanta of wavelength Xjk which are emitted per unit length of path as a result of collisional interactions between a single beam particle and a gas of unit number density. (The relative velocity of the beam and target particles prior to the collision is designated by v.)
The definition suggests three optical problems that arise in the experimental determination of absolute emission cross sections: (1) a determination of the angular distribution of the radiation emitted by collisionally excited atoms or molecules, (2) a determination of the volume from whence the observed emission emanates, and (3) a calibration of the absolute responsivity of the optical system used to measure the irradiance of the beam. If any of these problems are inadequately considered, serious errors in the emission cross section data can result.
A treatment of systematic errors associated with these problems in emission cross section measurements seems particularly timely, inasmuch as differences in calibration procedures are thought to be mainly responsible for a factor-of-two discrepancy that currently persists between the emission cross section data reported by various investigators.'"
The situation is illustrated by the presently available data for the excitation of the (0, 0) N 2 + first negative band (X3914 ) as a result of proton or electron impact. Although within regions of overlapping projectile energy the energy dependence of the cross sections for a particular projectile is found to be approximately the same, the data reported by one group of investigators'-' are scaled roughly a factor of two higher than the data reported by another group. 6 -' 0 This disparity is somewhat greater than the uncertainty in the cross section measurements (typically less than -40%). Similar discrepancies exist in the literature for other projectile-target systems.
Objectives and Approach
The objectives of this paper are to outline a practical technique for obtaining absolute emission cross sections in laboratory beam experiments and to evaluate the magnitude of possible systematic uncertainties inherent in the use of this method. The concern here is only with those uncertainties which arise from optical problems. Thus, this paper does not treat such problems as beam current and target gas pressure measurement, projectile energy, etc., which in their own right may contribute significantly to the total uncertainty of the emission cross sections.
The approach of this paper is to deduce first the angular distribution of the light from the beam by the polarization of the light. The light is treated analytically as arising from dipole oscillators. A computation of the total integrated response of the detection system to a general spectral feature is then made, in which changes of the responsivity with wavelength and polarization are taken into account. The above response is then compared with that which results from viewing a blackbody reference source instead of the beam. An absolute calibration is achieved by taking into account the actual emission volume under observation in each case.
The result is given as a formula for the emission cross section. In this formula, aside from the expected factors, a correction term appears which provides a measure of the systematic analytical error that can arise in the determination of emission cross sections. Although the experimental geometry and the calibration light source discussed in this paper differ in some important particulars from those used in earlier measurements of this kind, much of the following analysis is directly applicable to most such experiments. The remainder serves as an example of the type of analysis which must be accomplished for each experimental arrangement.
The Experimental Technique
The geometry of our beam experiment for obtaining emission cross sections is shown in Fig. 1(a) . An incident beam of fast-moving particles collides with a dilute gaseous target. Radiation emitted at nearly right angles to the direction of the beam passes out of the collision chamber through a window of high transmissivity and is accepted by the entrance slit of a scanning monochromator. This radiation is emitted from a small length of beam of volume V, with V approximately cylindrical in shape and sharply framed by a masking slit interposed between the beam and the entrance slit. The detector is a multiplier phototube mounted at the exit slit of the monochromator. The response of the monochromator-detector system for specific emissions from the beam is noted as a function of wavelength, target chamber pressure, beam current, etc. Owing to the low light intensity levels normally encountered in such an experiment, special care is taken to prevent extraneous radiation from entering the detection system. This geometry differs from that which has been used by most investigators in that there is no lens between the beam and the monochromator. In addition, the entrance slit of the monochromator is perpendicular, rather than parallel, to the beam direction. Both of these factors tend to simplify the calibration analysis. Furthermore, this geometry of the monochromator slit is essential if the experiment is to measure emissions that change significantly with position along the beam.
Representative values of the geometrical parameters that have been used in this laboratory for emission cross section measurements are given in Table I . Since, in this geometry, the separation D of the entrance slit from the ion beam is much greater than the diameter of the beam or the dimensions of the slit, the volume V appears in a first approximation as a point source emitter. The geometry has the advantage that departures from a point source, point detector geometry are made evident if calculations of radiative quantities are expressed in powers of D-'.
The absolute responsivity of the optical system is found by observing its spectral response to a blackbody standard. The advantages of a blackbody as a calibrating light source are well known: The emission is reliably characterized by a single parameter, the temperature; and the absolute spectral radiance can be accurately calculated from Planck's law over a large spectral range. As with any calibrating source, some care must be exercised in using a blackbody source over an extended spectral interval owing to problems of overlapping orders and scattered light within the monochromator. These problems can usually be overcome by the use of appropriate spectral filters.
The geometry used in illuminating the entrance slit with light from the blackbody is shown in Fig. 1 
(b).
A window identical to the one used in the beam experiment is interposed between the aperture of the black- body and the entrance slit to conveniently take into account transmission losses in the beam experiment.
The separation of the entrance slit from the aperture, denoted by R, is much larger than the dimensions of either the aperture or the slit, and R is approximately the same as D. The size of the entrance slit is fixed throughout the entire experiment.
Angular Distribution of the Radiation and the Polarization Fraction
Since it is impractical to measure directly the angular distribution of radiation from the beam, radiative anisotropy is deduced from polarization measurements with the aid of theory. In this procedure, the electric dipole radiation emitted from the beam is hypothesized to be produced by a set of radiating oscillators. The oscillators are assumed to be noninteracting, incoherent sources, and their emission is required to duplicate all of the macroscopic properties of the beam radiation including the polarization and spatial distribution.
The angular distribution of the radiation emitted by a single, nonrelativistic oscillator has the dependence I j X ( X p) 12 , where A is a unit vector directed from the region of the oscillator to a distant point of observation, and p is the polarization vector describing the orientation, and dipole strength of the oscillator. The distribution of oscillators contained in an incremental volume AV (see Fig. 2 ) located at a point (x', y', z') can be envisaged by referring all the polarization vectors associated with the oscillators to a common origin. The three-dimensional space into which the polarization vectors extend is conveniently described by spherical polar coordinates p, 0p, and u, with the pole aligned parallel with the direction of the beam (z' axis). The number of polarization vectors which terminate in a volume Alp = p 2 sin0 , ApAO , A0,, yields the density of oscillators having dipole strength p and orientation described by the angles 61 and 4p.
The total number of photons of all polarizations that are emitted per unit time from V with wavelengths between X and X + AX and which are accepted by the entrance slit of the monochromator can be expressed as
where h is Planck's constant, c is the speed of light in vacuo, and t(X) is the transmissivity of the collision chamber window at a wavelength X. The distribution function e(r', p, X) describes the number of oscillators in AV which have polarization vectors in A 3 p and emit photons having wavelengths in the spectral interval between X and X + AX. The unit vector A is explicitly given by = (r -r')/ r -r'
The total number of photons, described by Eq. (1), having electric field vectors parallel with a unit vector i is found by replacing h X ( X p) by its projection along in. This quantity will be denoted as Nm(Qs, NX) AX.
The ,, integral in Eq. (1) can be evaluated if use is made of the symmetry properties of the beam. The symmetry principle invoked here is that the distribution function e(r', p, X) is cylindrically symmetric about the pz axis. Deviations from this symmetry in a laboratory situation arise primarily from two sources: (1) the presence within the collision chamber of electromagnetic fields which may tend to favor scattering in specific azimuthal directions about points within the beam, and (2) the acquisition by a beam particle of a velocity component transverse to the axis of the beam. Such a component can arise from the passage of a nearly monoenergetic beam through a magnetic field or from small angle collisional scattering of beam particles.
The effects of these symmetry destroying influences can be considerably reduced by shielding the target chamber from the terrestrial magnetic field and the fringe fields of the magnetic analyzer, by narrowly collimating the beam, and by restricting observations to sufficiently low target chamber pressures so that small angle scattering is minimal. If these precautions are taken, the assumption of azimuthal symmetry is valid, at least as a first approximation.
When the 0, integration in Eq. (1) is performed, the result is At this point in the development, it is convenient to introduce the polarization fraction of the radiation, 
Eq. In Eqs. (8) and (9), o AIitD-2 , where Ait is the area of the entrance slit, whereas AN,, and AN-. are small correction terms which are derived in Appendix I.
If the incremental solid angle in Eq. (1) is integrated over a 47r-sr solid angle surrounding V instead of merely over the solid angle which the entrance slit subtends on V, it is found that the total rate at which The Response to a Spectral Feature (6) The rate at which photons from V having wavelengths in an isolated spectral feature ¢ are admitted by the entrance slit of the monochromator is given by where To relate W(Q2) to the total integrated response of the optical system as it scans through , it is necessary to take into account the responsivity of the optical system as a function of the polarization of the incident light. The development here will be carried out only for radiation having electric vectors parallel with the beam; however, the development for the perpendicularly polarized radiation proceeds in the same manner. Let S (, A) be defined as the response of the optical system to a monochromatic input (N' -) which has electric vectors parallel with the beam.
WA(Q) = WI(Q) + W±(),
For a polychromatic input r(X)NI(Q, NX)AN, the response at a setting A is given by
The total integrated response over all settings is
where The final expression for AW(Q4,) will be obtained from Eq. (21) by expressing I(No) and I(No) in terms of the response of the optical system to the blackbody standard.
Comparison with a Blackbody Standard
Blackbody radiation from an isothermal cavity at a temperature T can be described by Planck's function B(N, T), which denotes the amount of power radiated in a wavelength interval between and + AN which is emitted per unit solid angle normal to the blackbody aperture. In the following, it is assumed that B(N, T) has no spatial dependence over the aperture, that the emissivity of the blackbody is unity, that the radiation is unpolarized, and that the emission in a direction b measured from the central normal to the aperture of the blackbody is given by B (N, T) cos9b. All of these assumptions are well met for the blackbody and the geometry used in this laboratory (maximum Ob is less than 3).
The rate at which photons of wavelength N from the blackbody aperture are intercepted by the slit is 
= (N) B(N, T) (Aslit/R 2 ) Aa,(I -
where Awc is the solid angle which an incremental slit area subtends at an incremental aperture area AA of the aperture area Aa,,p. The quantity b is a small correction factor given by 
The response of the optical system at a setting A 0 to an input r (%, N) is given by and 
The total integrated response of the system to the spectral feature ¢ can now be expressed as
and the response of the system to r(Q,, N) becomes The correction term 2, expanded to first order, is
where
To complete the procedure for obtaining emission cross sections, the relationship of W(Q4,,) to the emission cross section a is
where io is the rate at which beam particles are incident on the target gas and v is the number density of the gas.
The relationship is, in general, valid only if the emission properties over the observed length of the beam do not vary appreciably.
The Correction Term
From Eq. (31), the correction term 2 can be seen to arise from five sources of error: (1) To set bounds on 2, one must consider the geometry of the specific monochromator used, in concert with the spectral width and central wavelength of each emission feature. As an example, 2 will be evaluated for the (0, 0) N 2 + first negative band under single collision conditions for excitation by proton and electron impact. The monochromator used in this example is an Ebert 0.5-m instrument which has been discussed in a previous paper. 12 The spectral feature of this example lies 
Conclusions
In the example presented, the dominant contribution to the correction term arises from geometrical considerations of extended radiation sources. Smaller contributions to 2 are made by variations in the responsivity of the optical system and in the spectral radiance of the calibration source over the bandwidth of the spectral feature. For this example, uncertainties arising from the angular distribution of radiation and the variation in the responsivity of the optical system as a function of the polarization of incident light are negligible.
Summation of the terms contributing to z indicates that I l < 0.05 for the (0, 0) N 2 + first negative band.
This value is considerably smaller than the combined accuracy (20%) of emission cross section measurements for this band. Calculations of 2 for other emission features of bandwidth less than 40 A in the spectral range 3800-6000
show that I l < 0.1.
Thus, it is concluded that, for this geometry, the neglect of z in Eq. (30) introduces a small but significant uncertainty in the emission cross sections for such spectral features. We note that this technique is especially suited for polarization and cross section measurements in which 2 and 511e are desired to be minimal. This reduction is accomplished primarily by the use of large sourcedetector separations. In addition, considerable simplicity is attained by the absence of lenses or other light gathering aids between the source and monochromator entrance slit. The absence of a lens does, of course, limit optical measurements to the more intense spectral features.
The technique can be extended to weaker emission features by appropriately normalizing the relative cross section data obtained with the aid of a lens system to the absolute cross section data obtained by the present method. It is important that any changes in the emission as a function of position along the beam be accounted for in the normalization process. In this procedure some increase in 2, depending on spectral feature and geometry, is to be expected.
As evident from Eq. (32), emission cross section data for which bounds on 2 have not been placed are subject to significant systematic error. Consequently, it is cautioned that any scheme to increase the energy accepted by the optical system, such as by modification of the geometry or other factors, should be tempered with a knowledge of for each particular spectral feature and geometry under consideration.
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Appendix I
In this section, expressions for the quantities ANii and ANa., which appear in Eqs. (8) and (9), are derived.
Let us define the operators F 1 and F 2 which act on a quantity (r', p, 0,, N) in the following manner:
r1[D]
= f dp f do, f dlr'g(r', p, 0,, ) , (A-1) 0 = dp f do, j dlr'tg(r ', p, [6, ' + 3x' -6,J } (B-5)
In the limit as D becomes infinite, 11,e(X) is zero and IIe () reduces to II(X).
